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SUMMARY

.-h eqerimental and analytical inredgafiim of the jlutter
of awptback canh”lerer uinga ia reported. l%e ez-periments
~.mptoyed groupn of wing$ awpt back by rotating and by
*hearing. Tlw angle of swep ranged from 0° to 60° and
Mach nurnben eztended to approzirnately 0.86. A theoretical
analysis of t~ air force8 on an oscillating swept u.ing of high
length-chord ratio i8 dereloped, and the approxirnatian8 in-
h~renf in the a.s8urnpfion$ are di8ru88ed. Cornprmi80n un”th
qwiment indicates Mid the analysia dere[oped in the preaeni
report i8 8afi8factory for gil<ng the main e~ect8 of 8weep, at
iea8t for nearly uniform canh”lewr uing8 of high and moderate
length-chord rafio8. A 8eparafion of the eJect8 of jnite span
and cornpre8&ibi[ify in their relafion to sweep ha8 nof been made
~rpem.rnenta[[y but 8onw combined e~ecf~ are @.ren. A di8-
(Lu88ion of 8orne of the expem.rnental and fheoretica[ trend8 i8
griren with the aid of sereral fable8 and jigure8.

INTRODUCTION

‘1’he present report. is an outgrowth of the trend toward
the use of swept wings for high+peed flight. and presents the
redts of an amdysis and of an accompanying exploratory
program of research in the Langley 4.5-foot flutter research
tunnel on swept cantilevw wings. The material was
tissembled in a memorandum form with a similar title in
1948. The chief purposes of the present report are to
provide a more detailed exposition of the analysis and to
make the main material more generally a-raiIable.

Some previous experimental and anal-ytical work on swept
wings is mentioned here. A preliminary e-xperimental
investigation of the effect of sweep on flutter has been made
(reference 1) viith u single, simple rigid wing mounted fle.xibly
on a base which could be rotated to various desired sweep
angles. This investigation was made at lovi 31ach numbers
for two bending-torsion frequency ratios and at severaI
angles of svreepback. Another investigation (data un-
published) in which the density of the test medium was a
variable was conducted by D. Benun on the same type of
rigid, flexibly mounted wing at higher Xlach numbers and at
sweep angles of O“ and 45°. Other unpublished work on
swept wings exists, but a search of the available information
indicates a need for further systematic study.

The experimental work reported herein dealt with models
mounted as cantilevers at their roots. These cantilever
modeIa differed from the rigid, fle.xibly mounted wings, __
which had all bending and torsion fletibihty concentrated
at the root, and thus were subject to difTerent root effects. —
In order to facilitate amdysis the cantilever modek! were
uniform and untapered. The intent of the experimental
program was to establish trends and to indicate orders of .
maggtude of the various effects of sweep on flutter rather
than to isolate precisely the separate effects.

-—

The models viere swept back in two basic manners— .,
shearing and rotating. For the case in which the wings
were swept- bark by shearing t-he cross sections parallel to
the air stream, the span and aspect ratio remained constant.
For the other case, a series of rectangular-plan-form wings
were mounted on a special base which could be rotated to
provide any desired angle of s-weepback. This rotatory —
base was also used to rxamine the critical speed of swept-
forwnrd wings.

Tests were conducted ako on speciaI models that were of
the “rotated” type (sections normal to the leading edge _
were the same at alI sweep angIes) with the difference that
the bases were alined paralle~ to the air stream. Tvio series
of such rotated models having different lengths mere tested,

Inasmuch as the location of the center of gravity, the mass-
demity ratio, and the Mach number have important effects
on the flutter characteristics of unswept wingg, these param- “--
eters were wried for swept wings. In order to instigate
possible changes in flutter characteristics djch might be
due to different flow over the tips, various tip shapes were
included in the experiments.

In an analysis of flutter, vibrational characteristics are ,-
very significant; accordingly, vibration tests were made on
each model. A special study of the change in frequenc~
and mode shape with angle of sweep was made for a simple. _ ._
aluminum-aIIoy beam and is reported in appendix A.

Theoretical analyses of the effect of sweep on flutter e-xist
only in brief or preliminary forms. In England in 1942,
W. ~. Duncan estimated by certain dimensional consider- .
ations the effect of sweep on the flutter speed of certain
specialized wing types. Among other British workers .-
whose names are mentioned in connection with problems

1 Su~ NAC A Th- ZI!ZI, “.Study of Effects of Sweepm the Flutter cd CnntIIWeCIViogs” by J. ~. Earmby, H. J. CunoioS?MIILmd L E. Chrrkk, 1992.
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of flutter involving sweep me R. 3 [cKinnon Wood, A. R.
Collar, and I. T. Mnhinniclr. An account of hlinhinnick’s
work was given by Broadbent in reference 2. In reference 3
a, preliminary amdysis for the flutter of swept wings in
incompressible flow is de~elopcrl on the basis of a “strip
theory” (with the strips taken in the stream direction) and
is applied to the experimented resuhs of reference 1. Exam-
ination of the limiting case of infinite span discloses that
the aerodynamic assumptions employed in reference 3
are not well-grounded. Reference 4 adapts this strip
theory to fle?ible wings and also presents an alternative
“velocity component” treatment employing other aerody-
namic assumptions which in their end result appear more
akin to those emploj-ed in the analysis of the present report.
No definite choice is mode in reference 4 between the two
methods although the strip-theory method is favored.

In the present report u theoretical analysis is developed
anew and given a general presentation. Application of the
analysis has beeu limited tit this time chiefly to those calcu-
lations needed for comparison with experimental results.
A wider examination of the effect of various parameters
and of additional clegrees of freedom on the flutter characteri-
stics is desirable.

SYMBOLS

b
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x’

Y’
2’

z

T

:
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u

r

jb(#), ~hh)

fe(y’), FO(II)
f
u

half-chord of wing measured perpendicular to
elastic axis, feet

half-chord perpendicular to elastic axis at
reference station, feet.

effective length of wing, measured along
elastic asis, feet

wing chord measured perpenclic,ular to elastic
axis, inches

length of wing measured along midchord line,
inches

angle of sweep, positive for sweepback, degreea

geom’t’icaspcc’ra’io((’c%‘)’)
coordinate perpendicular to elastic axis in

plane of wing, feet
coordinate along elastic axis, feet
coordinate. in direction perpendicular to

r’y’-plane, feet.
coordinate of wing surface in z’-direction, feet
nondimensional coordinate along elastic axis

(Y’/n

coordinate in wind-stream direction
bending deflection of elastic axis, positive

downward, feet
torsional deflection of elastic axis, positive

with leading edge up, radians

()
local bending S1OPCof elastic axis ~

local rate of change of twist
at? -

()~
deflection function of wing in bending .
deflection function of wing in tomion
time
angular frequency of vibration, radians per

second

angular uncoupled bending frequency, radians
per second

angular uncoupled torsional frequency about
elastic axis, radians pm second

fhst bending natural frequency, cycles per
second

second bending nntural frequency, WJCS

per second
first torsion natural frequency,

second
uncoupled firsk torsion frequency

elastic axis, cyclc9 per second

experimental flutter frequency,
second

reference flutter frcquent:yq cvcles

cycles per

ner second
flutter frequency deternl~cci’ by ;nalysis of

present report, cycles per second
free-stream veloc.ity, feet per second
exp~rimental flutter speed, feet per second
component of air-stream velocity perpml-

dicular to elastic axis, feet. per second
(v Cos A)

experimental flutter speed tnken parnllel to
air stream, miles per hour

reference. flutter speed, miles per hour
reference flutter speed bused on wing elastic

mis, miles per hour (defined in appendix B)
flutter speed determined by tlleory of present

report, miles per hour
theoretical divergence speed, miles per hour
reduced frcquenc~ employing velocity com-

ponent perpemhculm to elastic axis (wb/va)
phase difference between wing bending and

wing torsion strains, degrees
density of testing medium at flutter, slugs per

cubic foot
dyn~mic pressure at flutter, pounds per square

foot
Xlach number at flutter
critical Mach number
distance of center of gravity behiml leacling

edge taken perpendicular to elastic mist
percent chord

distance of elastic center of wing cross section
behind leading edge taken perpendicuhtr to
elastic axis, percent chord

distance of elastic asis of wing behind leading
edge taken pmpendicnhm to elastic axis,
percent chord

nondimensional elastic-axis position
(%-1)

nondimensional center-of-gravity positiou

(%-’)
mass of wing per unit length, slugs per foot
wing massdensity ratio at flutter (Tp bl/m)

mass moment of inertia of wing per unit length
about elastic axtis, slug-feet’ per foot

,
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r= nondimensional radius of guy-ration of wing

(r)1=
about eIastic axis

m
EI bending sttiness, pound-inches? in tables,

pound-feetg in analysis
GJ torsional stillness, pound-inches: in tables,

pound-feetz in analysis

f/h structural damping coefficient for bendi~~
vibration

g. structural damping coefficient for tors.iond
vibration

P oscillatory lift per unit Iength. positive down-
ward (defined in equation (6))

sf= oscillatory moment about elastic mis, positive
Ieading edge up (defied in equation (7) I

[1 a special bracket used to identify terms which
tire due soIely to inclusion of the Iast term
in equation (5b)

In order to preserve continuity and to facilitate comparison
with pretioua work on the unswept wing, the subscript a
rather than d is retained with certain quantities to refer to
the torsional degree of freedom.

ANALYTICALINVESTIGATION
G&NEEAL

Assumptions.-An attempt is fist made to point out the
main assumptions which seem to be applicable for swept
wings of moderate taper and of high or moderate length-
chord rat ios.

(a) The assumptions, such m small disturbances and poten-
tial flow, commonly employed in linearized treatment of
unswept wings in m ideal incompressible fluid are made.

(b) The structural behavior is such that over the main pw-t
of the wing the elastic axis may be considered st might. The
wing is also considered sufficiently stiff at the root so t~at it
behaves as if it were clamped normal to the elastic axis.
.~I1 effective length /’ needed for integration reasons may be
defined (for example, as in fig. 1). The angle of sweepback
is measured in the plane of the wing from the direction nor-
mal to the air stream to the elastic axis. -W section param-
~te~ such as semichord, locations of elastic ati and center
of gravity, radhs of gyration, and so forth, are based on
sections normal to the eIast.ic axis.

-..
ActuuI roof t # ‘-(pi

.Se.zt& B-B

Fw~ L-NonunUwm mpt wing treated h the ~nt aM@IS.

(c) The aerodynamic behavior is such thtit any section dy’ ___
of the wing nornd to the elastic axis, taken in the direction
of the component r cm A of the rnain+tream velocity, gener-
ates a velocity potential associated with a uniform infinite
s~ept w@g having the swne instantaneous distribution over
the chord of ve~ocity normal to the wing surface as does the
actuaI section.

Additiond remarks on these assumptions me appropriate,
With regard to assumption (a), in accordance with lineariza-
tion of the problem, the boundary condlt ions are stated and
treated with respect to a reference surface, in this case a
plane, containing the mean equihbrium position of the wing
and the main-stream docity. Furthermore, incompressible
flow is assumed in order to a-ioid complexity of the anaI.@,
aIthough modifications due to Mach number effects can be
added. Such modifications may be based, for example, for
- having large length-chord ratios, on e.xist~u theoretical
caIcdat.ions of aercd-jmamic coe5cients for subsonic or super-
sonic twodimensional flow appropriate to the component
r Cos L On the other hand the modifications maybe partIy .._.
empiricaI, especially for” transonic” conditions and for smalI
length-ohord ratios. The transonic conditions and the gert- “”
eral aerodynamic behavior of swept wings may depend, for
large length chord ratios, on the compommt o C03 & bu the _
dependence may shift to the stream veIocity ofor smaU length. - _
chord ratios. ,

‘iWth respect to assumption (b), resnhs of analyses of and –
experiment on unswept wings having low ratios of bending
frequency to torsion frequency show that. smalI mrietions of -
position of the elastic axis are not important. The assump-
tion of a straight eIastic a-sia over the main part of a swept
wing, similarIy, is not criticaI for muny cases. This mmmp-
tion is made for con~enience, however, and modification for ___

..—

a curved elastic asis can be made when necessary, for exarnpIe,
for plate-like wings. %mdI differences in the angle of sweep-
back of the Ieading edge, quarter-chord line, elastic asis, and
so forth, are neglected. The analysis could be further modi- .:=
fied to take into account variation of the angIe of sweepback __
along the length of the wing.

.ks.umption (c) implies that. associated with the action
of the wing in pushing air downward there is a noncirculatory
potentisd-type flow simiIar to that a-round sections of an ““
infinite flat-plate wing. Furthermore, as in the case of the
unswept airfoil, a circulatory potent iaI-type flow is generated
in which for the s-wept airfoiI the component r cos A is
decisive in fixing the circulation. (This assumption diffem
from that made in the strip theory of references 3 and 4
mbich employs the main-stream velocity together m-it~ “””
sections of the wings parallel to the stream direction.)
Effects of the ffoat”~~ of the wake in the stream direction
rather than in the direction of o cos L and induced effects .
of variation of the strength of the wake in the wing-length
direction are negIected, as are three-dimensional tip effects.
For Iarge dues of the reduced frequency k,, a given segment -”
of the w-@ might be influenced chiefly by the nearby viake
and the correct ion wotid be smalI. On the other hand, for ‘”
small values of L-Sa ghen segment might be influenced by a
more widespread port ion of the wake; corrections for this
condition may possibly be based on knowledge of the static
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case (for cxarnplet slept: of the lift curve). As the angle of
sweep approaches 90° , obviously the mechanism for the
generation of lift is different from the one postulatd here;
for example, a tip condition may replace tho trailing-edge
condition and considerations of very small aspect ratio arise.

Basic considerations, -Consider the configuration shown
in figure 1 where the. vertical coordinate of the wing surface
is denoted by 2’ =Z(z’,y’,t) (positive downward), The
effect of the position and motion of the wing maly be given
by the disturbanc+velocity distribution ‘to be superposed
on the uniform stream in orcle.r to represent the condition
of tangential flow at the wing surface, This velocity
distribution normal to the surfaco (positive upward) is, for
small disturbances,

Z)z
w(d, Y’, t)=g+v% (la)

where g is the coordinate in the wind-stream direction.
With the use of the relation

bz az ax’ az ayI
—=-

a( ax’ m+~ T)f

Z)z az
=~cos A+--7s inA

by

the vertical velocity at any point is

Let the wing be bending so that a segment dy’ (see fig. 1) is
displaced from its equilibrium position by an incremental
dista.ncc h (positive down) and also let the wing segment be
twisting about the elastic axis through an incremental angle o
(positive leading edge up). The position of each point of
t-he scgmeut may be defined, fo~ small deflections, by

Z=h+de (2)

The velocity distribution normal to the surface, equation (lb),
conscque.ntly becwmcs

w=h+z’d+otl cos A+v(u+z’r) sin A (3)

where .=~ “M the local bending slope of the elastic axis

M
and is thus anaIogcus to dihcdra.1, and where T=7 is thehy
local change of twist of the elastic axis.

In accordance with assumption (c) the none.irculatory-flow
ve.locit y potentials associated with the vertical-velocity dis-
t.rib~t.ion are first needed. In equation (3) the terms involv-
ing h, 6, and u are constant across the chord, whereas those

involving 4 and r vary in a linear manner. The noncircula-
tory velocity potentials as in reference 5 and t.ho new pot m-
tia.ls associated with u and r are

4.= V.U tan Ab AlT–”?

()
@i=~b2 ~–a ~1]—xz

-t

(4)

A=,., t.an.ib2(;-a),,i+

where Vn= v cos A and x is the nondimmsional chord~~ise
coordinate measured from the midchord as in reference 5
and related to the coordinate # in the manner

x =$+a
u

The velocity potential for the circulatory flow associated’
with the wake may bo developed on the lmsia of assumption (c)
and the concepts for the infinita unswept wing introduced
in reference 5. (Thus the circulatory-flow ptittern for a sec-
tion dy’ of the finite swept wing is to be obtained from the
corresponding flow pattern for an infinite uniform yawed
wing. This infinite wing is assumed to have undergono har-
monic oscillations for a long time; the full wako is established,
remains where formed, and consequently is harmonically
distributed in space. For the infinite uniform yawed wing,
results for the circulatory flow are like those of reference 5
with v replace.d by the component Vnand viit.h the addition
of terms to take care of u and r.) In particular, the strength
of the wake acting on each sect.ion is determined by the condi-
tion of smooth flow (the velocity remaining finite) at the trail-

ing edge. This condition is utilized in the form ~~x (#r++.v)

is equal to a finite quantity at the trailing edge (where #r is
the velocity potential due to the vorticity k the wake, and
h is the total noncirculatcry veIocity potential), and this
condition leads to a relation analogous to equation (VII) of
rebrence 5 involving the basic quantity

()Q=h+URtI+VnU tan A+b ~–a (#+v.r tan A)

which occurs in the terms associated with the wake. Tht net
rewdt of these considerations is that the circulatory-flow
vcloc.ity potential nmy be regarded m determined.
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The pre~ure difference between upper and lower surfaces of the wing at a point r k (positive domm-ard)

( )p=–2p $?+o~ “

(54

where @is in general the total pot ent.ial (the sum of circtiatory~ow- and noncirculatory-flow po tent ials). The last term in
equation (5ai is the product of the component of nmin+tream veIocity taken along the wing and the lengthwise change
in the velocity potentiaI and is often neglected even in steady-flow work. The question of the retention or neglect of this
last term seems partly dependent on the order in vihich the approximations are introducedapecificaIIy, whether velocity
potentials for the whole flow pattern are found and then the integrated forces are determined or whether section forces are
first determined and then integrated. It seems appropriate to retain at least the noncirculatory part t~ of @ in the last
term of equation (5al. In view, however, of the nature of the approximate treatment of the circulatory potential and of the
inherent shortcomings of a strip analysis, in particular the neglect of Lengthwise variations in wake v-ortex strength, compli-
cating the results by also including @r in this term does not appear worth while. (This neglect of @r and retention of 4M is
realized to involve some inconsistencies in that account may not be taken of other higher order terms associated with length-
wise variation of the wing wake, which may be of the same order as terms retained.) Thus equation (5a) becomes .-

(P=–2P ~u~cosA+u~sinA
M )

(5b)

For harmonic motion in each degree of freedom, reIat.ions for the pressure may be integrated over the chord to yield
expressions for the air forces and moments. For the sake of separating and identifying the terms in force and moment e= ..
pressions which are due scdely to the inchrsion of the last term in equation (5b), a special bracket { ] is employed. Thus
these tams may be readtiy omitted. Numerical checks among the calculations made for the present report showed the
eflect of inclusion of the last term in equation (5b) on the calculated results to be quite smaII, even for 60° of sweepback
within the range of other parameters investigated.

The expressions for the aerodynamic Iift (positive down) and for the moment about the Awitic axis (positive Ieading
edge up), each per~unit length of the wing, are as folIows:

(6)

(7)
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where

c=a(kn)=l’(kn)+ ia(kn)

ia the function associated with the wake developed by
Thcodorsen in reference 5; the reduced frequency pFIramet er
k= is defined by

kn=$=~i ----- (8)

As has already been stated, the foregoing expressions were
deve~opcd and appIy for steady sinusoidal oscillations,

h=hl (#) eiti~

}
(9)

t?=t?l(y’)efa~

The amplitude, velocity, and acceleration in each degree of
freedom are related as in the degree of freedom h; that is,

jb= iWfb

i=–dh

Expressions for force and moment.—With the use of such
relations, equations (6) and (7) may be put into t hc form

P= – rpb’&(Mc*+eB,8) (lOa)

Ma= ‘TP bid (hB*+ oBae) {ha)
where

&=; A,i+x u tan A
()

–i : ({–1]+~+
m

{

~ y tan* ‘4 1
h t)y’ ( )1~

(

b’ &
( )1

B,O=L+; b tan A (A,)+ ~ ~ tan’ A –&
n

()
B*=; b+; tan A ~–i # ({a)+&)+

( ( )}
~ Z tan* A —6
ILay’ II

&=A+za+~ b tan A (&)+
(

!J*t.n2A(~+a2J&)

in which the four following coefficients:

Ach=– 1
_?E+~ : .,. . -,. —

&a=a+~~
-(:-a):+’[ii+&+(+-a)a

~=a+(’+a)f+~ (~+a)(-f)

()
=-~- $+a Ah

Aa= –~a’–
(++%+(+-’’)i!+

‘[(+-a)i-(+-a’)&-(:+a)%l

are identicai with those used in the case of the unswept wing.
Additionally,

It is of interest to note that equations (6) and (7) rcducc,
for the case of the wing in steady flow (k, = O), to

(lob)

per unit length of wing.
Introduction of modes,—Equrd.ions (lOa) and (ha) give

the t.otal aerodynamic force and moment on a segment of n
sweptback wing oscillating in a s~plo hurrnonic manner.
Relations for mcchanictd equilibrium appIicablc to a wing
segment may be set up, but it is preferable to bring in directly
the threcdimensional-mode considerations. (See for example,
reference 6.) This end may bo readily accomplished by
the combined use of Rtiyleigh type approximate ions and the
classical methods of Lagrange. The vibrations at flutter
are assumed to consist of a combination of fixed mode shnpcs,
each mode shape representing a degree of freedom associated
with a generalized coordinate. TLc total meclmnical
energy, the potential energy, and tb e work dono by applic(!
forcos, aerodynamic and structural, are then obtained by the
integration of the sectiou churacteristic9 over the spnll.
The Rayleigh type approximation enters in the reprcscn tti-
tion of the potential energy in terms of the unmup]cd
frequoncim.

As is customary, the modes are introduced into the probh’m
as varying sinusoidally with time. For the purpose of siln-
plicity of analysis, one bending degree of freedom and ono
torsion degree of freedom are carried through in the present.
development. Actually, any number of degrees of freedom
may be added if desired, exactly as with an unswept wing.
Let the mode shapes be represented by

h= [A(Y’)IL

@={fu(Y’)lQ I

(12)

where ~=h# is the generalized coordinate in the biding
degree of freedom, and ~= t?&’ is the generalized coordinate
in the torsion degree of freedom. (In a more general tr(’at-
ment the mode shapes must, IJOsolved, but in this procedura
fh@’) tmdfdy’) are chosen, ordinarily as real functions of y’.
Complex functions may be used to represent twisted modes.)
The constants h and 190are in general complex and thus
signify t.hc phase difference Mwecn the two degrees of
freedom.
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In the subsequent treatment the reader w-iII notice that
in some expressions, namely for force and moment, h and 6
can convenient ly and logically be retained in their complex
form. In other expressions, notably for energy, one is
forced to utilize h and o as reaI quantities. Appropriate
statements wiil be made where necessary.

For each degree of freedom an equation of equilibrium
may be obtained from Lagrange’s equation

(13]

where q{ is a generalized coordinate and Qt is the correspond-
ing generalized force. The kinetic energy of the mechanical
system is

where ~ and ~ here and in the subsequent equations (15) are
to be interpreted as real in order that the energy be a~wa~
positive (or zero), and for definiteness can be regarded as the
real parts of hOe{d*and L9@e*”t.respectively; and where

m mass of wing per unit lengthj shgs per foot
1= mass moment of inertia of wing about its eIastic axis

per unit length, sIug-feet2 per foot
X-b distance of sectional center of gravity from the elastic

axis, positive rearward, feet

The potential energy of the mechanical system may be
expressed in a form not irmolving bending-torsion cross-
stifhes9 terms:

where

EI bending stifhess, pound-feetz
GJ torsional stitlneas, pound-feet*

If Rayleigh type approximations are used to introduce
frequency, the expression for the potent ial ene~ may be
writ ten in a more convenient form:

JU=: cJ~* “
J

1’
mf#dyp +; W.sf ~ Imf,’dy’ (1 ‘b)

0

.\nother a~pression for the potential energy is

The effective spring constants C!*and C. correspond to unit
length of wing and thus conform to their use in references
5 to 7. The constants are effectively defined by

s

1’

J

1’

C~,’dy’ C.fe’dy’
o 0@h~=

f

1’ co=;= ,,
mfhzdy’

s
Iaf ~’dy’

so o

These effective spring constants are rdated to the frequencies
associated with the chosen modes. For ao-calkd uncoupIed

modes the frequencies appropriate to pure modes (obtained
by proper constraints) are often used. On the other hand,
employment of the normal or natural modes and frequencies
appropriate to them, which might be obtained by proper
ground test or by calculation, may be preferred. In either
case the convenience of not having cross-stiffness terms in. =
the potential-energy expression is noted.

Application is now made to obtain the equation of equflib- -‘-
rium in the bending degree of freedom. Equation (13}
becomes —

da

(?
.-
dta~__

–g+g=a (16} -

The term (?* represents all the bending forces not derivable
from the potential-energy function and consists of the aero-
dynamic fore= together with the structural damp~~
forces. The virtual work till” done on the wing by these
forces as the wing moves through the virtual displacements
6h and 66 is

where

9h structural damping coefficient for bending vibmtion .-
9. st ruct Ural damping coeflkient for torsional vibration . -

In this expression the aerodynamic forces appropriate to
sinusoidal osciktions are used. Tbe app~ication of the
structural damping as in equation (17) (proportional to
deflection and in phase with veIocity) corresponds to the
manner in which it is introduced in reference 7. In accord-
ante with the preceding development, the aerodynamic and
structural damping forces and moments in equation (17)
are regarded as complex, but the virtuaI displacementa M
and 6$ should be considered real. Thus, the physically
signitlcant part of the resuhiug expression for virtual work is
the real part. Since the subsequent analysis reverts to ex-
pressions for forces and moments, no further qualifications on
the use of h and 0 in their convenient compIex forms are
needed.

For the half-~~

H

Qk= “ P–muk
o ‘:fd)fhdy’

=—
““&L’’(tY[*~f’2+~(-’i)(’-1’+

df~

(

daf.

}
k~z b (tan2AW~~ +&j (tan .Qf,~+ ,

df~
L@a jefA+J?&b (tan JQfh@

[,(-&) ‘i]+; :@g.af.2]dy (I,)bz (tan* .~)fk dy,2
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where br ia the semichord at some reference section. Performance of the operations indicated in cquat ion (16) and collec-
tion of terms lead to the equation of equilibrium in the bending degree of freedom

By a paralIel development the equation of equilibrium for the torsional degree of freedom may also be obt ained as follows:

(20a}

where r.= -(radius Of wation Of wing about the elastic axis).
Determinantal equation for flutter.-Equations (19a) and (20R) may be rewritten with the use of the nondimensional. “-

—~. They then are in the formcoordinate q — ~,

(&i,+@&rP b:d= O (19b}

(20tj

@ which F*(w)=j~(l’q) and Fe(q) =je(l’q).
The borderline condition of flutter, separating damped and undamped oscillation, is determined from the nontrivial

solution of the simultanocms homogeneous equations (19b) and (20b). Such a solution corresponds to the fact that mechan-
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ical equilibrium exists for sinusoidal oscillations at a certain airspeed and with a certain frequency. The flutter condit~on
thus is given by the vanishing of the determinant of the cc&icients -

A, B,

I
=0

D* E*

-Application to the case of uniform, cantilever swept wings is made in the next section.

APPLICATIOK TO UNIFORM CANTILEVER SWEPT WINOS

The first step in the application of the theory is to aasume or develop the deflection functions to be used. For the purpose
of applying the analysis to the -wing models employed in the ~xperiments it appeared remonable to use for the deflection
functions, F*(T) amd Fe(q), the uncuupkd bt bending and &t tursion mode shapea of an ideal uniform cantilever beam. _
AIthough approximations for these mode ahapes could be used, the analysis utilized the exact expressions developed from
equations (120) and (106d), respectively, of reference S by application of appropriate boundary conditions.

The bending-mode shape can be written

where fll=O.5969r for first bending. The torsion mode shape can be written

where ~s=~ for first torsion and Cl and CZare constants.

The integrals appearing in the determinant elements Aa, B*l Dz, and IZZare

J
1.0

FJdq =1 .8554@
o

J
1.0

F#dq=0.5000C;
o

s
‘F’ dq=3.7110C~l.OF,G

o

J1’0Fe~ dq=0.3183CZ2
o

s

d’F,
l.OFB dqz— dq=l.5926C,s

o

Jl.OFe dq,‘=8 dq=– 1.2337C?s2
o

s

1.0

J
i.0

F~Fedq= FtF,dq = –0.9233(?1C1
o 0

s
‘Ft d7=—1.4040ClCt1“0~, ~

o

J
dFhdT=–2.066~cl~al.OF@—

o dq

J
d’F8
— dq=2.2i82C,C,l.OFb dqz

o



The flutter determinant becomes

L8554C,22:
() {

tauz A 1
~ A+3.7110C11 i; tr–Ih4-.4=kJ Wn A– 1.592w ~ ~j

1 (

t,ana .1 ~
– 1).9233C, C,l’B – ( – 1.4040cIcz) br.& tan A~ 2.2782C1Chr l!lbr J.ml——

1“

–0.9233CIC’, ; D
()

–2.0669C, C: i; ({a]+AJ tan A+
[

tanz h a

) (
– 1.4722 ClCs ~ KS 0.5000 C’ZS1’E–0.3183C#b, A., tan A— —1.2337C#b,

.
-(:+.,)$]

=0

or more conveniently, when columns and rows of the determinant are divided by appropriate terms 1

A=+-($)%++A

tan A.
n

It ie interesting to note that the parameter A and l’/b, appear only in the combination ~ m tlm immediately premding Ate rminant. The ao]ution of ~

tlm determinan~ results in the flutter cxmditign. i !’ 1’ “]
i, . .

El
● 2

s
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EXPERIMENTAL INVESTIGATION

APPARATUS

Wmd tunnel.—The tests were conducted in the Langley
4.5-foot flut~er research tunnel which is of the closed-throat,
singIe-return type emplo-ying either air or Freon-1? as a
testing medium at pressures -rar@g from 4 inches of mercury
to 30 inches of mercury. k Freon-12, the speed of sound
is 324 miles per hour and the density is 0.0106 slug per cubic
foot at standard pressure and temperature. The maximum
chokhg Mach number for these tests was approximately
0.92. The Reynolds numbm- ra%~e was from 0.26X 10E to
2.6X 106 with most of the tests at Reynolds numbers of the
order of I.OX 106.

Models.-In order to obtain structural parameters re-
quired for the flutter studies, different types of construction
were used for the models. some models -were solid spruce,
othem were solid baIaa, and man-y were combmtions of
Msa with various aluminum-alloy inserts. Seven series of
models were investigated, for vihich the cross sections and
phm forms are shown in figure 2.

Figure 2 (a) shows the series of models which w-ere swept
back by shearing the cross sections parallel to the air stream.
In order to obtain fiut ter with these low-aspect-ratio models,
thin sections and relatively light and weak wood construct ion
were employed.

..-.
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The series of rectangular-phn-form modeIa shown b figuYe
2 (b) were swept back by using a base mount that could be
rotated to give the desired sweep angle. The same base
mount was used for testing models at forward sweep angles.
It is known that for forward sweep angles divergence is
critical. In an attempt to separate the divergence and
flutter speeds in the sweepforward tests, a D-spar cmss-
sectional construction was used to get the elastic axis rela-
tively far forward (fig. 2 (c)).

Two series of wings (figs. 2 (d) and 2 (e)) were swept back
with the Iength-chord ratios kept constant. In these ser@
of modeIs, the chord perpendic.uIar to tho lead~ edge”
was kept constant and the bases were aIined parallel b the
air stream. The wings of length-chord ratio 8.5 (fig. 2 (d))
were cut do~ to get the wings of length-chord ratio .&&
(fig. 2 (e)).

Another series of models obtained by using this same
manner of sweep (fig. 2 (f)) was used for investigating some
effects of tip shape.

SPallIvise strips of lead were fastened to the models shown

in figure 2 (e) and a series of testa were conducted with these
weighted models to determine the effect of center-of~avity
shift on the flutter speed of swept wings. The method of
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wwying t,ho center of gravity is shown in figure 2 (g). In
order to o~tain data at zero sweep angle it was necessary,
because of the proximity of flutter speed ta wing-divergence
speed, to usc ‘three different wings, These zero-sweep-angle
wings, of 8-inch chord and 48-inc.11length, had an internal
weigh~ system.

The models were mounted from the top of the tunrwl as
cantile.ver beams -with rigid bases (fig. 3). Near the root of
each mode~ two sets of strain gages were fastened, one set for
recording principally bending deformations and the other
set for recording principally torsional deflections.

METHODS

Determination of model parameters.-Pertinent geometric
w-d structural properties of the model are given in tables 1
to VII. Some parame.tms of interest are. discussed in the.
folIowing paragraphs,

.$s an inclination of the nearness to sonic-flow conditions,
the critical hfach number is listed. Thk Mach number is
determined by the Khndn-Tsien method for a wing section
normal to thu leading odgc at zero lift.

The geometric aspect ratio of a wing is here defined as

~ = Semispanz (1cos A)’ 1 ~os, ,i=~
c Plan-form aren= /c —c 2’”

Th~ geometric aspect ratio As is used in place of the con-
ventional aspect ratio A because the models were only
semispan wings. For sheared swept wiugs, obtained from a
given unswep~ wing, the geometric aspect ratio is constant,
whereas for the wings of constant length-chord ratio the
geometric aspect ratio decreases with Cosih as the angle of
sweep is increased.

The weight, center-of-gravity posi~ion, and polar momen~
of inertia of the models were determined by usual means.
The models were statically loaded at the tip to obttiin the
rigidities in torsion and beuding t3J and 131.

A parameter occurring in the methods of analysis of this
report is the position of the elastic axis. A “section” elastic
axis located at ra was obtained for wings from each series
of models as follows: TIM wings were clamped at the root
normal to the leading edge and at a choson spanwise station

Model 75 74 73 72
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were loaded at points lying in the chordwiee direction. The
point for which pure bending deflection occmrred, with no
twist in the plane normal to the leading edge, was determined.
The same procedure was used for those wings which were
rlamped at the root, not normal, but at an angle to the
leading edge. .i different elastic axis designated the “wing”
elastic a..is and located at q=’ was thus determined.

For these uniform, swept wings with fair~y large lengt.h-
chord ratios, the wing elastic axis was reasonably straight
and remained essentiality paraIlel to the section ehstic a..iet
although it was found to move farther behind the section
elastic axis as the angle of sweep WM increased. It is real-
ized that in general for nonuniform wings-for example,
wings with cut-outs or skewed clamping-a certain degree
of moss st iHness exists and the concept of an elastic axis is
tin oversimplification. ~lore generaI concepts such M those
involving intluence coefficients may be required. These
more strict considerations, however, are not required here
since the elast ic-asis parameter is of faidy secondary impor-
tance.

The wing massdensity ratio K is the ratio of the mass of a

t.ylin&r of testing medium, of a diameter equal to the chord

of the wing, to the mass of t.~e wing, both taken for unit

kmgt~ along the wing. The density of the testing medium
when flutter occurred was used in the evaluation of K.

Determination of the reference flutter speed.—lt is
convenient in presenting find comparing data of swept nnd
unswept wings to employ a certain reference flutter speed.
This reference flutter speed wfl serve to reduce variations
in flutter characteristics which arise from changes in the
various rnodel parameters such as density and section proper-
ties not pertinent to the investigation. It thus aids in
s}-stematizing the data and emphasizing the desired effects
of sweep including effects of aspect ratio and 31ach number.

This reference flutter speed V, may be obtained in the
following way. Suppose the wing to be rotated about the
intersection of the elastic axis with the root to a position of
zero sweep. In this position the reference flutter speed is
ctdcuIated by the method of reference 7, which assumes an
idealized, uniform, infinite wing mounted on springs in an
inconlpressible medium. For nonuniform wingg, a reference
section taken at a representative spamvise position, or some
integrated value, may be used. Shce the wings used viere
uniform, any reference section will serve. The reference
fluttm speed may thus be considered a “section” reference
flutter speed tind parameters of a section normal to the lead-
ing edge are used in its calculation. This calculation UISO
employs the uncoupled first bending and torsion frequencies
of the wing (obttiined from the measured frequencies) and
the measured density of the testing medium at time of
flutter. The culculation ~iekls a corresponding reference
flutter frequency which is useful in comparing the frequency
data. For the sake of completeness a further discussion of
the reference flutter speed is given in appendix B.

Test procedure and records.-since flutter is often a
redden and destructive phenomenon, coordinated test pro-
cedures were required. During etich test, the tunnel speed
was S1OW1Yrnised untiI a speed vms reached for which the

amplit.udes of oscfiation of the model in bending and toreion
increased rapidly while the frequencies in bedi.ng and tor-
sion, as observed on the screen of the recordi~m oscdlographl
merged to the same value. .~t this instant, the tunnel
conditions were recorded and an oscillogmph record of the
mcsdel deflections was taken. The tunnel speed was im-
mediately reduced in rm effort to prevent destruction of the
modei.

From the tunnel data, the experirnenttd flutter speed J“.,
the density of the testing medium p, and the Mach number M
were determined. h’o blocking or wake corrections to the
measured tunnel velocity were applied.

From the oscilIogram the experimental flutter frequency
j, and the phase dtierence p (or the phase difference + 180°)
between the bending and torsion deflections near the root
were read. ~ reproduction of a typical oscillogmph flutter
record, which indicated the flutter to be a coupling of the.
wing bending and torsion clegrees of freedom, is show a~.
figure 4. Since semispan wingg mounted rigidly at the buse
-were used, the flutter mode may be considered to correspond
to the flut ter of a complete w@ lmving a very heavy fuselage
at midspan—that is, to the s~mlmetrical type.

The natund frequencies of the modeIs in bending and_
torsion at zero airsperd were recorded before and after each
test in order to ascertain possible ch~mes in structural char-
flcteristics. In most cases there were no appreciable changes
in frequencies but there were some reductions in stiffnesses
for modeIs which had been weakened by flutter@ violently.
.&nal@s of the decay records of the natural frequencies
indicated that the wing damping coefficients gh and g=
(reference 7) -ivere about O.O2 in the first bendii mode and
0.0:1 in the torsion mode.

RESULTS AND DISCUSSION

EXPESIMEXTAL HW=TIGATJON

Presentation of experimental data.—Results of the

experimental investigation are listLwl in detail in tables 1 to
YI1, and some significant experimented trends are illustrated
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in figures 5 to 10, .\s a basis for presenting and cofnpw-ing

the test results, the ratio of experimental tunnel stream

conditions to tl~e reference flutter conditions is employed so

that tke data indicate more clearly oombined effects of aspect

ratio, sweep, and Mach number, As previously mentioned,

use of the reference flutter speed VR serves to reduce varia-
tions in flutter charac.teristi~ which arise from changes in
other parameters, such as density and section properties,
w~lch are not pertinent to this investigation. (See appen-
dix B.)

Some effects on flutter speed.—A typical plot showing
the effect of compressibility on the flutter speed of wings
at various angles of swecpbaok is shown in figure 5. These
data are from tests of the rectangular-plan-form models
(type 30) that were swept back by use of the rotating mount,
for which mrangement the reference flutter speed does not
vary with either Mach number or sweep angle. Observe
the large increase in speed ratio at the high sweep angles.

The data of referemw 1 from tests of a rigid, flexibly
mounted rectangular model having a rotating base are also
plothd in figure 5. It can bc seen that the data from the
cantilever models of the present report which had a similar
method of sweep are in conformity with the data from the
flexibly mounted model. This indicates that, for uniform
wings having the range of parameters involved in these
tests, the diflcwences due to mode shape. are not very great.

Figure 6 is a cross plot of the data from figure 5 plotted
against A at a Mach number approximately equal to 0.65.
The data of the swept wings of constant length-chord ratio
and of the sheared swept wings are also included for comparison.
The velocity ratio V./17~ is relatively constant at snlaI1 sweep
angles but rises noticeably at the large sweep angles. It. is
pointml out that the reference flutter speed ~“R may be

.
considered to correspond to a horizontal line at >= 1

J.
for the rotated and constant-length-chord-ratio wings, but
for the sheared winga this reference speed corresponds to a
curve decreasing somewhat less rapidly than ~f~A as A
increases. (See appendix B.)
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The order of magnitude of some thrcedlmensiomd effects
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$3.5, series IV . Thii increase maybe due

partly to ditlerences in flutter modes as well as aerodynamic
effects. _

Some effects on flutter frequenoy.—Figure 7 is a repre-
sentative plot of the flutter-frequency data given in table II.
The figura shows the variation in flutter-frequency ratio
with lfach number for different values of sweep rmglo for
the models rotpted back on the special mount. The ordinate
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is the ratio of the e.xperimentd flutter frequency to the
reference flutter frequency jt/j~. It. appeam that there is a
reduction in flutter frequency with increase in IIach number
and dso an increase in flutter frequency with increase in
sweep. The data from reference 1 show the same trend
with increase in sweep. Considerably more scatter may be
noted in the frequency data than in the speed data (fig. 5)
from the same tests.

The results of the tests for rotated wings with chordwise
laminations (modeIs 40A, B, C!, D) are given in table II.
At sweep angles up to 30° the values of the speed ratio
1“,/17. for wings of this construction were low (in the neigh-
borhood of 0.9), and the ffutter frequency ratios f,/fE were
h~h (of the order of 1.4). .Ls these results indicate and as
visua~ observation showed, these models fluttered in a mode
that apparently involved an appreciable proportion of the
second bending mode. The models with spanwise Lamina-
tions (models 30.1, B, C, D} also showed indications of this
higher flutter mode at Iow sweep angles; however, these
models were able to pass through the small speed range of
higher mode flutter Without sufficiently vioIent osoil.lations
to cause failure. .it a still higher speed these models with
spanwise Ia.minat ions fluttered in a lower mode resembhg a
coupling of the torsion and first bending modes. This
lower mode type of flutter characterized the flutter of both
the sheared and const antiength-chord-ratio models.

For those wing models having the sheared type of balsa
construction (modeLs 22’ , ~3} ~4, and 25), the r~~t.s me

more difllcuh to compare with those of the other modeIs.
This diflicuhy arises chiefly because the Iightness of the
wood produced relati~ely high mass-density ratios K and
part.ly because of the nonhomogeneity of the mixed wood
construction. For high values of K the flutterapeed co-
efficient changes rather abruptly e-ien for the unwept models
(reference 7). The data are ne~ertheks included in table I.

Effect of shift in center-of-gravity position on the flutter
speed of swept wings .-Restdts of the investigation of the
effects of center-of-gravity shift on the flutter speed of
swept wings are illustrated in figure 8. This figure is a
cross plot of the experimental indicated ah speeds as a
function of sweep angle for various center-of-gravity posi-
tions. The ordinate is the experinlental indicated air

speed V,
d 0.0;238

, which ser~es to reduce the scatter

resulting from flutter tests at different densities of testing
medium. The data were taken in the Mach number range
bet ween 0.14 and 0.44, so that compressibility effects are
presumably negligible. .1s in the case of unswept wings,
forward movement of the center of gravity increases t-he
flutter speed. .Igaiu, the flutter speed increases with
increase in the angle of sweep.

The models tested at- zero sweep angle @nodeIs 91-1, 91–2,
91-3) were of dMereri t construction from and of larger size
than the modeIs tested at the higher sweep angles. Because
of the manner of plotting the resuk, namely as txperimenta]
indicated airspeed (tlg. 8), a comparison of the results of
testsat .i=O” with the results of the tests of swept modeIs

is not particularly sign&ant. The points at zero sweep
angle are included, however, to show that the increase in
flutter speed due to a shift in the center+f-gravit y position
for the swept modeIs is of the same order of magnitude as
for the unswept models. For the unswept models, the
divergence speed VD and the reference flutter speed 17Rare
fairly near each other, and although the models appeared
to flut ter, the proximity of the ffut ter speed to the divergence
speed may have influenced the value of the critical speed.

The method used to vary the canter of gravity (see &.2 (g))
produced two bumps on the airfoil surface. M the low

Mach numbers of these tests, however, the efTect of this
roughness on the flutter speed is considered negligible. For
proper interpretation of figure 8, the fact must be kept in
mind that the method of varying the location of the center
of gravity changed the radius of gyration r= and the tor-
sional frequency=.

The effect of sweep forward on the critical speed.—.4n
attempt was made to determine the variation in flutter speed
with angle of sweepforwmd by teiting wings on the mount
that could be rotated both backward and forward. A-CX1
petted, however, the model tended to diverge at forward
sweep angles in spite of the relatively forward position of
the elastic a-xis in this D-par wing.

Figure 9 shows a plot of the ratio of critical speed to the
reference flutter speed YE qyiinst sweep ang[e .L Note the
different curves for the snveptback and for the swept forward
conditions and the sharp reduction in critical speed as the
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Sweep crngfe, A, &g

FIGURE9.—ComparIwnof sv,wpforwardand sweepbfwktestscmwfngatentedOna mtatfng
mount. &rfedHI models(113.2 (0)).

angle of svreepforward is increased. The diflerent curves
result} from two difTeren t phenomena. When the wing was
swept back, it fluttered; whereas at forward sweep angles it
diverged before. the flutter speed was reached. Superposed
on this plot for the negative values of sweep are the readts
of calculations based on an analyt.ical study of divergence
(reference 9). Reasonable agreement exists betweeu theory
and experiment at forward sweep angles. The small ditler-
ence between the theoretical and experimental results may
pwhtips be due to an inaccuracy in determining either the
position of the elastic axis of the model or the required S1OPO
of the lift curve or both.

The divergence speed l~n for the wing at zero mvccp angle,
as calculated by the simpliM theory of reference 7, is also
plotted in fia~ro 9. This calculation is based on the assump-
tion of a two-dimensional unswept wing in an incompressible
medium. The values of the uncoupled torsion frequency
and the density of the testing medium at time of flutter or
divergence arc employed. Reference 9 shows that a rela-
tively smalI amount of sweepback raises the divergence speed
sharply. For convcnienee, however, the numerical quan-
tity V7D(based on the wing at zero sweep) is listed in table I
for all the tests,

Effect of tip modifications.-Tests to investigate somo
of the over-all effects of tip shape were conducted and some
rcsults are shown in figure 10. Two sweep angles and two
length-chord ratios were used in the experiments conducted
at two Mach numbem. It is seen that, of the three tip
shapes used, namely, tips perpendicular to the air stream,
pwpeudicnlar to the wing leading edge, and parallel to the
air stream, the wings with tips pftraUel to the air stream gave
the highest flutter speeds.

IlfSCUSSION AND COMPABL90N OF ANALYTICAL AND EXPEIUMENTAL

BESULTS

Correlation of analy tical and experimental resuh.s has been
made for wings swept back in the two difTerent mannem;
that is, (1) sheared back with a constant valuo of Ag, and
(2) rotatod back. The two types of sheared wings (series I)
tind two rotated wings (modeIs 30B and 30D) have been
ma Iyzed.

2.0/ !
--

FrrmEx10.—Effoetof tl shapeon tha flutterapwd of sweptwingII. W’lngaof Imgth+hord
1’ratos of 7.26and 11(fig.2 (f)). SarfcaW mcdela.

Results of some solutions of the flutter determinant for a
wing (model 30B) on a rotating base at several anglm of
swcepbaclc arc shown in figures 11 and 12. Figure 11 shows
the flutter%peed coefficient as a function of the bending-to-
torsion frequency ratio, and figure 12 shows the flut tw fre-
quency ratio as a function of tbc bending-to-torsion frequency
ratio.

The calculated results (for those wings investigated at~nlyt-
ically) are included in tables I and 11. The ratios of experi-
mental to analytical flutter speeds and flutter frcqucncics
have been plotted against the angle of sweep in figures 13
to 16. If an cxpmimental value coincides with thu corre-
sponding analytical predicted value, the ratio will fall at a
value of 1.0 on the figures. Deviations of cxperimcnttil rc-
sults above or Mow the analytical rewdts appmr on tho
figurrs as ratios greater than or less than 1.0, respectively.
The flutter-speed ratios plotted in figure 13 for the two ro-
tated wings show very good agreement betweun amdysis nnd
experiment over the rango of sweep angle, 0° to 60°. Such
good agreement in both the trends and in the numerical
quantities is gratifying but prohnhly should not he exprctcd
in general. 11~ view of the discussion of th~ lmt term in
equation (5b) it may bc of inbmst to mention that ‘ftiilurc
to include the terms arising from the last term of equation
(5b) in the calculations for model 30B would dccrcasc the
ratio ~7#/~7A corresponding to A=60° by about 3 pcrccnt.
The flutter frequency ratios of figure 14 obtained from the
same t}vo rotated wings are in good agreement.

The flutter-speed ratios plott cd in figure 15 for the two
types of sheared wings do not show such good conformity nt
the low angles of sweep, whereas for sweep angles beyond 45°
the ratios are consideraMy nearer to 1.0. The sheared wings
arc again observed to have a constant wdue of Ar of 2.0
(aspect ratio for the whole wing would be 4.0). For this
small value of mpect ratio the finite-span correction is
appreciable. at zero angle of sweep and, if madp, would bring
better agreement ah that. point. Analysis of the corrections
for finite-span effects on swept wings requires further
consideration.

Figures 13 and 15 also afford a comparison of the behavior
of wings swept back in two manners: (1) rotated back with
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Constant length-chord ratio but decreasing aspect ratio (fig.
13), and (2) sheared back with constant aspect ratio and
increasing Iength<hord ratio (fig. 15). A study of these two
figures suggests that the Iength-chord ratio rather than the

“Span z

()
aspect ratio —

Area
may be the relevant parameter in

determinii corrections for finite swept wings. (Admit-
tedly, effects of tip shape and root condition are & in-
volved and have not been precisely separated.)

Figure 16, which refers to the same sheared wings as figure
15, shows the ratios of experimenta~ to predicted flutter fre-
quencies. The trend is for the ratio to decrease as the angle
of sweep increases. Table I shows thai the flutter frequency
j~ obtained with ~“g and used as a reference in a previous
section of the report is not significantly different from the
frequency jA predicted by the present analYsis.

A few remarks can be made on estimates.of over-all trends
of the flutter speed of swept wings. As a first consideration
the conclusion may be made that, if a rigid infinite yavied
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wing were mounted on springs which permitted it to move
vertically as a unit and to rotate about t-m elastic axis, the
flutter speed would be proportional to l/cos A. ~ fite
yawed wing mounted on similar springs would be expected
to have a flutter speed lying above the curve of I/cos A ““-
because of finite-span effects. For a finite sweptbark wing
clamped at its root, however, the greater degree of coupliig
between bending and torsion adversely affects the flutter .. .
speed so as to bring the speed below the curve of I/cos A
for an infinite wing. This statement is illustrated in figure
17 which refers to a wing (model 30B) on a rotating base.
The ordinate is the ratio of flutter speed at a given angle of
sweep to the flutter speed calculated at zero angIe of sweep.
A theoretical curve is shown, together with experimentally

determined points. Curves of l/cos A and l/~~ are ‘—
shown for convenience of comparison. The curve for model
30D (not shown in figure 17) also followed this trend quite
closely. The foregoing remarks should prove useful for
making estimates and discussing trends but are not intended_
to replace more complete calculation. In particular, men-
tion may be made, for example, that a far-forward location —
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of section center of graviLy would lead to an entirely dif-
ferent trend. Moreover, as is apparent from the analysis,
the bending stiffness can play an increasingly significant
role with increase in the angle of sweep.

The experiments and calculations deal in general with
wings having low ratios of natural first bending to first
torsion frequencies, At high values of the ratio of bending
frequency to torsion frequency, the position of the elastic
axis becomes relatively more significant. Additional calcula-
tions to develop the theoretical trends are desirable.

CONCLUS1ONS

In a discussion and comparison of the results of an in-
vestigation of the flutter of a group of swept wings, the
manner of sweep is significant. This report deals with two
main groups of uniform, swept wings: rotated wings and
sheared wings. In presenting the data, employment. of a
certain reference flutter speed was found convenient.. The
following conclusions seem to apply:

1. Comparison with experiment indicates that the analysis
presented is satisfactory for giving the main efkcts of sweep,
at least for nea.rl y uniform cantilever wings of moderate
length-chord ratios. Additional calculations are desirable
to investigate various theoretical trends.

2. The coupling between bending and torsion adversely
aflects the flutter speed. The fact., however, that only a
part of the forward velocity is aerodynamically effective
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increases the flutLer speed. Certain approximate relations
can be used to estimate some of Lhc trends.

3. AIthough a precise separation of tho effects of Mach
number, aspect ratio, tip shape, and center-c f-graviLy posi-
tion has not been accomplished, the order of mae~itudo of
some of these combimxl effects has been experimenhdIy
determined. Experimental results indimtcd aro

(a) The location of the section center of gravity is an
important parameter and produces effects for swept wings
similar’ to those for unswept winga over t.ho rftngo (30 per-
cent to 70 percent chord) of locations te9tcd.

(b) Appreciable differences in flutter speed havo been
found to be due to tip shape,

(c) The length-chord ratio of swept wings is a mom
relevant fiuikspan parameter than is the aspect ratio.

(d) Compressibility effects attributable to Mach number
are fairly small, at least up to a Mach number of 0.8.

(e) The sweptforward wings could not bc made h flutter
but diverged before the flutter speed was reached.

LANGLEY AERONAUTICAL- LABORATORY)

NATXONAL ADVISORY COMMITTEE FOR AERONAUTICS,
LANGLEY FIELD,VA., ~eptember 9, 1948.
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APPENDIX A

THE EFFECT OF SWEEP ON THE FREQUENCIES OF A CANTILEVER BEAM

Early in the investigation it -was decided to make an experi-
mental vibration study of a simp~e beam at various sweep
M@S. The uniform, platdike aluminum-alloy beam shown
in figure 18 was used to make the study amenabIe to anal@s.
Length-chord ratios of 6, 3, and 1.5 were tested, the length/
being defined as the length along the midchord. ~ single 60-
inc% beam was used throughout the investigation, the desired
length and sweep angle being obtained by clamping the beam
in the proper position with a 1%- by 1%- by 14-inch
ahuninum-a~oy crossbar.

F@res 18 and 19 show the variation in modes and fre-
quencies tith sweep angle. b most ciwws, an rncrease in
sweep angle increased the natural vibrational frequencies.
As expe-cted, the effect of sweep was more pronounced at the

—— . tide for second mode
––-––-–– Abde for third mo&

.--24ST aluminum alloy,..-

1 ““ -: ““
c. ‘ -1&

&,

‘-CSS section.“.

FrGmE U.-Change h mid W with sweepand kmgtlt-chordrattakmthe vifuationat
an ahlnlhwrl+.noybeam.

smaller values of Iengt h-chord ratio. The fundamental mode
was found by striking the beam and measuring the frequency -—
with a self-generating vibration pick-up and paper recorder. -
The second and third modes were e~cited by light-~~;~h~
electromagnetic shakers clamped to the beam. These shake=
were attached as close to the root as poesible to give a node
either predominant ly spanwise or chordwise. The mode ::
with the spanvrise node, designated second mode, was pri-
ready torsional vibration, whereas the mode with the chord-. ~__
wise node, designated third mode, was primarily a second
bending vibration.

The first two bending frequencies and the lowest torsion ““
frequency, determined analytically for a straight uniform ~~
unswept beam, are plotted in figure 19. Good agreement .
exists with the experimented resuhs for the Iength-chord
ratios of 6 and 3, but for a ratio of 1.5 (length equal to 12 , _
inches and chord equal to 8 inches) less favorable agreement
exists. This discrepancy may be attributed to the fact that ~.
the beam at the short length<hord ratio of 1.5 resembled
more a plate than a hewn and did not meet the theoretical “-
assumptions of a perfectly rigid base and of simple-beam
stress distributions. The data are valid for use in comparing
the experimental frequencies of the beam when swept with the
frequencies at zero sweep, which was the-purpose of the test. _ -

- .

ExoeAMYItil Ana&tkoi i/C
- 6 :.—*— ~ ,3
---4----

.

FImmE 19.—Verfathmof frwpmncleawith sweep rmdlengtkbnrd ratlnfir the vfbratfon
of an slrlndnnnl+l@ beam.
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APPENDIX B

DISCUSSION OF THE REFERENCE FLUTTER SPEED

For usc in comparing data of swept and unswept wings, a

reference flut tcr speed V~ is convenient. This reference

flutter speed is the flutter speed determined from the simpli-

fied theory of reference 7. This theory deals with two-

dimensional unswept wings in incompressible flow and de-

pmds upon a number of wing parameters. The calcukt ions

in t,his report. utilize parameters of sections perpendicular to

the leading edge, first bending frequency, uncoupled torsion
frequency, density of testing medium at time of flutter, and
zero damping, Symbolically,

Variation in reference flutter speed with sweep angle for
sheared swept wings, —The reference flutter speed is
independent of sweep angle for a homogeneous rotated wing
and for homogeneous wings swept back by keeping tile length-
chord ratio constant. For a series of homogeneous wings
swept back by the method of shearing, however, a clefinite
variation in reference flutter speed with sweep angle exists
since sweeping a wing by shearing causes a reduction in
chord perpendicular to the wing leading edge and an increase
in length along the miclchord as the angle of sweep is in-
creased. The resulting reduction in the mass-density-rti t.io
parameter and first bending frequency tends to raise the
reference flutter speed, whereas the reduction in semichord
tends to lower the reference flutter sped as the angle of
sweep is increased, The final effect upon the reference
flutter speed depends on the other properties of the wing.
The purpose of this section is to show the effect of these
changes on the magnitude of the reference flutter speed for
a series of homogeneous sheared wings having properties
similar to those of the sheared swept models used in this
report.

Let the subscript O refer ta properties of the wing at zero
sweep angle. The following parameters are then functions
of the sweep angle:

b= bOcos A

s
l=-&

243 “

Since m is proportional to b,

~=~pb2
—=ICO Cos A

m

Similarly, since 1 is proportional to b,

rjhl=$!fl ‘+= (jh,)o (Cos A)’

Mso, bectiuse j. is independent of A,

()
f= f ~ (COSA)’

a E

An estimate of the effect on the flutter speed of these
changes in semichord and mass parnmeter with swcop angle
may be obtained from the approximate formula given in
reference 7,

- ‘R”’”.G=v~”S “-

‘l’his approximate analysis of the effect on tho refmmce
ffutter speed dom not depend upon the first bending frequency
but assumesj~j= b be small.

In order to include the effect of changes in Ixwdillg-tmrsion
frequency ratio, a mom complete analysis must be carried
out. Figure 20 presents some results of a numerical mmlysis
based on a homogeneous wing with properties at zero sweep
angle as follows:

x.g=5tl bO=0.333

x~= 45
(-)

I
=10

#o
r=s=0.25

fh,
j==loo ()Zo

=0.4

Iu figure 20 the curve showing the dccrcase in T7Rwith A is
slightly above the ~~i factor indicated by the approxi-
mate formula.

lMect~f elastic-axis position on reference flutter speed.—
.Aspointed out in the definition of ehwtic asis, the measured
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locus of elastic centers z.=’ fell behind the section ekstic axis
for the swept modeIs with bases parallel to the air stream.
In order to get an idea of tha effect of ehis~ic-axis position on
the chosen reference flutter speed, computations were made
both of YE and a second reference flutter speed ~“.’ similar
to Vn except that z=’ was used in place of zU. The maximum
difference between these two values of reference flutter speed
was of the order of 7 percent. This diHerence occurred at a
sweep angle of 60° when the wing elastic Lti was farthest
behind the section elastic axis. Thus, for wings of this type,

the reference flutter speed is not very sensitive to eksti~axis
position. The reference flutter frequency j~’ was found in
conjunction with 17B’. The maximum difference between
j~ and .f~’ was less than 10 percent. Thus, the convenient
use of the reference flutter speed and reference frequency is
not aItered by these elastic-ati considerate ions.
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6954 16-010
6,W 16-010
$= 16-010

WO1O
0:950 16-010
6,WI 16-010
. . . . 16-010
---- lo+lo
---- 16-010
. . . . lHUO
-.. . 16-010
---- 16-010

167
:167
.167
.167
.167
.167

: W
.167
.167
; ;6J

.167

.107

.187

.167

.167

.167

.167

. 16i

46.0
4a o t:
460 40
46.0 40
4&o 40
4ao 40
48.6
48.6 ;
48.6 39
48.s 39
4a6 39

z: ::
48.5 a9
48
48 %:
48 39.6

39.K
: 39.6
48 39.6

Chdwfs? lardnatfons

87.4
67.1
87.1
67.1
66.a
66.8
66.0
64.4
68.0

M
67.6
63.3

-.—

11

%
82
0
0

16!
34
m
a7
66
80

40 40 -o. Oa
40 40 —.
40 %
40 g 208
40 —.03
40 a —.0s

02
%.6 :.6 203

39.6
E: 39.6 :: H

39.6 -.64
W 39.5 -.04
39.6 39.6 –. M

36.6 am222
24.z .m334
az 7 . mz15
7b. O . Omm
36.1 .Lxf2al
87.h .03216
35,8 . mm
8.74 .Wa28

.m3ma
%1 . mlz
m. o .0m9m
g; ; $p’cJ

o
0
0
0

:
0

8
lb

i!
46

0.81
.81
.al
.81
.al
.81
.81
.81
.81
.81
.81
.81
.81

X8

E:
24.8
24.a
2L a
24.8

E:
84. a
24.a
xa
24.8

U 167 46
~.187 46
.107 :
.107
.107 46
.167 46
.107
.167. f:
.167 48
.167” 4a
.167
.167 ~
. loi 43

-0.2CJ a277
—. .277
-. 20
-. :E—.E!a7J
-. m
—.20 .297
—.23

:E
zfi .mo
-. &l g

::91 .ma

40A
40A
40A
40A
40A
40A
40B

%
407)
40U
40D
40D

I I ! x L

TABLE 111.—DATA FOR MODELS USED IN

Modef (d!g) A,
FL4& “

M=
S?ctfon

t

(L.)(L)

84.8
2L8 :
24.8 4

4
z: 4
24.8 4
24.8 4 M

L (n&) ‘g~’r~ ~
Cuft

0.362 7.9s O.mam “ ~
.962 .m
.36!2 2!:? .m216
.450 .mam i
.456 ~: .msw w
.430 .03737 98
. 4m. 9:46 . W7S6 w

a

-0.34
-.84
-. S4
-. 48

3
-.43

&OA -30 453
MA -15 6.78
WA o am
MB o &!M
MB 16 6.78
mF4 30 L,63
30B 46 3.10

16-010 O.sl
16-o1o .al
16-010 .81
16-010 .al
WO1O .8f
16-010 .81
16-010 .81

0.167 “m 38 88 0.0
.167 w 33 33
.167 E4J 38 33 ::
.167 80 % 26 .0
.167 m % 26 .0
.167 63 36 26 j
.187 60 26 26

1. —
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S\~EPT }1ODELS-SERIES 1
I I I t 1 I } I I I I I I I 1 1 f ,

.—
-.

-----E II....-:E
28 42 ----- .87
64 .63
63 R --ti– .5Q
63 69 @ ;:
61 al 6s
64 56 61
37 51 m :!!
37 B
36 : 56 :%

flpruct wings

L05 .-–
L49 -_–
L33 --–

t% L-rn
L28 L25
L 31 L2i
La L18
L44 LIZ
L73 .07
Li9 LOO

----
----
----
--—I
::I
-~I
.io
:%

am
m
In
176
226
225

:

lm
124

233
85.0
70.6

376
820
407
334
~o

235

MO

217 TunneI exdtatfon freqnency, 61cp.1.

-—-
L03 N
.W

---- 4
.95 n

---- 60
.82 $0

---- m
.24 40

---- 40

Iol ma
z 7 .34
~~ -64

Mu .42
162 .62
m .m

. 8L
WA .34

.s4
z
ens ::
71L0
7&8 .79
X6 .41

..-
48
46
---
66
. . .
66
---
58
..-
---
45
40
48

---- ----
----
---- 1%

--- ----
---- .-—
---- 252

159
47.6 z

—-. ....
.75 50
.73 10

---- j ---- .--., ---

WIXGS-SERIES 11
.- ,,, , ,, ,,

...
46
47
47
47

ky
---
---
---
---
..-
---
..-
. . .
51
m
52

:
67

---
. .-
---
..-
.-.
--
---
-—
—
---
--
..-
--

—
..-

L04
LM
LU

L-G
---
---
-—
-—
---
---
---
---
---
.m
.=
.W

i;
L 14
—

42

48
61
60

. . .
55

.-.
24
24
21

%
. ..
al
40
&Q
51
51
52

E

m

60
m
40

----
S3

----
30
30
30
30
50

----
al

:

:

60
90

127

ml
m
la
165

E
Io4
744
X6
il!l

m
88.1
=6

I&-
110
115

E/i
178
307

~7mM; turmel excitation freqneney,

Whrgfll.lkd. .

Wfngfailed.

----
215
m
E9
235
263
m

----

----
L06

M
L 01
L 02
.W

..—
----
----
----
----
----
--—
----
L04
L06
LU

M
L 00

----
----
----
----
...-
----
....
Ioo
101
101
116

%
—

ChordwleeImntne.tfons

$

61
61
61

. ..
61
!29
09
62
61

z

0.70
.63

;fJ
:5
.61
.73
.14
.,4
.77
.38

H! ::
L .33 --
L44 -.
L20 --

m

m
299

----
----
.—-
----
----
----
----
-—-
----
----
—--
----
—--

TnnneIexdtatfontreqrtenq, fi CSM.
-—-
-—
----
----
----
----
----
----
—-
-—-
----

Vnng kdled.
mug hfkd.
?nng faned.
Tmmd exdtatkn fcQneney, 61CPS.

213
191
74.6

281

E
XTa
m

--
-.
--
--
--
--
_- mng Med.

SWEEPFORWARD TESTS-~ ERIES III
.- —., .

I
(46)
-------.......

10J

84
74
%

Remwks
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TABLE W.-SWEPT MODELS OF A CONSTANT

T(& (L)

T
a+r. a’

-0.18 -0.12
-.18 -.12
-.18 -, la
-,18
-.18 z :
-.18 -. M
-,18 -.11
-.18 -.11
-.18 -,12
-.18 -.12
-. J8 -.12

-. la
z H
-.18 ::
-.18 -.19

?2

0.176
. 17b
.175
. 17b
.173
. 17b
.176
. 17s
.176
.178
.176
.174
. 17b
. 17S
,176

-1-(d&) ‘;
r,. r,.p

Wccd;t (P&rrrtit)(J&t)Model

62
62
02

%
62
83

H
04
64

~
M
65

41
41
41
41
41
41
41
41
41
41
41
41
41
41
41

44 46
44
44 3
44 46
4s 47
44 47
44 47
44 47
44 47
44 67

6-7
: 67
44 67
44 07
44 71

0.167
.167
.167
.167
.167
.167
.187
.167
.167
.167
.167
.107
.167
.167
. MR

T.4BLE V.—DATA FOR SWEPT hlODELS Ol? A

.

Model
N&C#

E&cm
(&&t

41
41
41
41
41
41
41
41
41
41

Cu
(lbim.q (L&l (1)

0:g
.167
.167
.167
.187
.167
.167
.187
.167

(d$) ($3) (:)

:
4
4
4
4
4
4
4
4

a+i% r2a

8,720
2#720
&4m
44X

t%
~g

4650
*e&o

(l:Ii.q

.—. -

-----

--—

10,w

9,820

11,223

7,m
7,8m
&m
587U
l$8m
tam

jEJ

11:830.

-

~bf!.~

-- —

---.—

--. —

lb,4CQ

Um

1$m

0.81
.81
.81
.81
.81
.81
.81
.81

:E

44
44
44
44
44
44
44
44
44
44

46
46
47
47
47
67
g

n
71

-0.18
-.18

::
—.
-. :
-. 18
-. m

:: H

-0.12
-.12
—.12
-. 12
-.
—.B
-. 12
-. E4

ZH

M

z. o
40.0
40.0

%.:
80.6
5Ls
51.8

(:)

Ml

81

68

32

al

30

TABI,E VL-DATA FOR TIl)-

t,.’ L@rcant a+z. a
chord)
. —

r.

0.378

.a78

.878

.8m

.878

.878

(c%

In

lw

118

92

96

m’

(L&s)

lo4

&
m
72

78

m

-
N&Af:/

*ion

E-MO

3.3-010

16-010

18-010

16-010

lb-olo

r,.
(p?rx?rt(dh (:J,.-

~.
~.“

s“

44

44

44

-

(:,)M.

0.81

.81

.81

.81

.81

.81

A.

4

4

4

4

4

4

0.187

.167

.167

,167

.167

.167

61

bl

61.E

63

60

61

8s
32

32

.82

82

82

44

44

44

33

33

28

0.02 4.20

.02 -.36

.m -.36

.0 -, SE

Lo -.30

.02 -,30

84-I

84-2

24-2

8.5-1

86-2

83-3

46

46

42

&l

m
a

“8.62

8.83

3.82

276

27b

‘A76

10

10

9.6,

& o

&o

3.0

-

TABLE WL-DATA FOR MODHLS USED TO DETERMINE

T z.,
(lb (p:opft

——

todd (d$)
i.

:QP$ (;.)
z,. LZ,.f

jmment (percent
chord) Chord)

f,,
(C@

f,,
(9) mfffkl (IL)(4s) a+xa I a.4*

o
0
0
0
0
0
0
0
16

2a
42
42
42
48
40
m
m
62

96

32

69

SQ

60

86

?Q

38

5)

47

27

48
48

:
48

~

a
m
%
23.6

~. 6

28.6

w. 6

33.B

30.6

m.4

m.4

%.4

8
8
8
8“
8
8
8
8
4

4

4

4

4

4

4

4-

4

4

4

4

-

xi 9
41.0
41.0
41.0
41.0
49.0
49.0

R

4Z9

24.6

22

42

66

44.6

67.0

69.s

al. 4

42.8

64.8

48
42.8
48.8
42.8
42.8
48.4
4a4
4a 4
44

44

44

44

44

44

25

66

%

22

z

22

48
42.8
43.8

2:

%:
43.4
48

46

48

47

47

47

-. . ..-

-----

. . . . . .

41

41

u

-: y
-.18
-.18
-.18
-. 02

:::
–. m

L307
.179
.179
.179
.179
. WI
.160
.160
.2m

.126

.411

.Slo

. 1s4

.423

.427

.134

.307

.m7

.m

.772

17.8
41.7
53.4
128
QAs
44.8
3&4
48.4
77.9

76.0

74.6

m.o

740

72.2

63.2

ma

66.2

76.8

73.0

62.0

91-1
91-2
91-2
91-2
91-2
91-8
91-6
91-2
ml

9H

92-2

98-1

Qa-2

m-z

94-1

04-2

94-3

95’-1

Q5*_2

96’-2

6
6
6
6

:
6
6
6.09

6.09

&09

4.42

442

4.42

3.al

3.m

8.M

1.86

I. 66

1.63

42
Lb
5.s
3..3
L6
&o
L7
k?
&3

&s

&1

6.3

8.8

8.3

4.6

4.8

4.6

5.6

2.9

&8

:
36
23
36
30
29
22
43

49

47

40

44

61

23

2S

28

.. . .

----

32

31
42
43
42
43

:
22
m

96

23

78

99

34

3s.

70

40

24

71

40

–. 142

.Om

–. 40

–. 16

.12

-.11

.14

.330

–. 372

-.144

.033

-.12

-.12

-.12

-.12

-.12

.12

.12

.12

—.24

16

15

30

20

20

%730

3,720

l$4bo

&4m

&m

g 120

g 120

~lm

1,alo

1,900

~wd

.187

.107

.167

.187

.167

.187

.187

.187

-43)

-(-M
-(–w

80

@l

m

.167

.167 I —.28

-. 66.167

I - --—
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LENGTH-CHORD RATIO OF 8.5-SERIES IV
I I

(*,

36
W
al
!49
23
33

;

28
32
29
!?i

:

*

0.69
.bi
.60

%
.%

:~
.50
.67

..—
.61

::
.61

-....-

.

.-

--
..-

+

0.23
.%
.&l

:2’
.25
.30
.!28
.m
.29

----

:Z

:E

M (m~h)
.

rr%) Remarks

QL8
=7
w.?
57.6
=8
76.0
ml
7Lo
6Z2
lu.u
~6
0s.8
63.5
67.6

179

0.!29 96-4
.41 143
.49
.66 z
.29 HI
.38 w
.40 176
.5S 179

.x S&e

.s
E

:C .W5
.07 284

h-o record.

Reeord ShOWll h f@l.M 4.

CONSTANT LENGTH-CHORD RATIO OF 6.5-SERIESV
I I I I ~– ““”-

() !* PF~t f.
(w)

m ft

I
(A M ‘Jh)

143 0.69
109 .74 K
B .57
HE .69 g
ma :3

11s
m .04 M
86.6 ..s3 291

.54 la
E .66 1S8

1—
K

37.2
81.6
34.7
b7. 4

108
14.2
66.0

m
15.8
l&7 t

* (d%g)

an Ii
.56
.67 .-—
.57 m
.66
.77 ~
.77
.69
-w J
.97 0

1,-D
(mph)

+ .!0:003330336 w 30
89 23

.Cm27 96

.00198 g z

.00105 22

.m !29

. mm : !M

.UKm K1

.Wsm 96 2

. mm m 39

42 0.81
40 .33
43 .m
41 d4
w .!43
87 :g
a
u
3P : ?7
33 .46

Wfncf6fk4.

MoW dama@ atmt.
P&a hdf separoted fkom base.

-

EFFECT MODELS-SERIES VI

(:!)

76

m

-—

35

97

23

34 v.
(mph)

t

++

0.66 a89

.51 .io

vi
:mph

r.
tz- Remarks(4%

n
is

w

43

46

3s

T%

9. lb o.Ore-l w
9.25 .00i64 99

9.55 . mm w

3L 6 .Oomd o

341 .Oo%m o

34.5 .00m7 o

O.w

.63

.W

.41

.36

.39

Iw

m3

ml

3m

m

3M

142

WI

m

Is!!

Iw

16D

9.66

!Lm

&ol

6.!24

&21

Lln

La

L47

L53

L 74

L47

L 91

50

0

930

3m

846

—-

— —
.44 .73

.33 .54

.32 .5s

— —-
lw

Wo

m

2m——
173

X90

EFFECT OF CENTER-OF-GR.*VITY SHIFT-SERIES VII

(.%
U.b
16

:
lb
Is
15

;

?2

25

m

23

23

ls

Is

17

24

!23

33

$

0.54
.37
;:

.35

.45

.33

.87

.43

.n

.s

.39

.23

.45

.51

.!M

.44

.49

.4S

.s4

t

(d%)&
----Us

40109
m 105
4olm

10b
$ 6L5
10 =4
o 5T.2
Olw

–){S&s
icn ft

;

1182
.81
.86
.94

i%
.91
.89
.2

.06

.m

.a

.64

.s5

.m

.78

LIM

.s9

.s6

L03

T“i
“mph)M I-D

[mph)
Remarks[’i%

15
lg

E
U
17
Ii

z

%

n

26

.37

2i

m

%

Ie

!2i

26,

m

am
3.40
3.s3
Z05
4.97
%78
;:

&m

3.76

hl.2

IL73

3.22

h15

LL36

&24

47S

&m
9.15

fzl

Model Med.M
o

s!
o

A
75
0

0

0

0

0

0

0

a

o

0

0

0

a 37
.%
:%

.40

.m

.39

.44

.3a

..?s

.26

.41

.34

.33

.m

.ZI

.17

.44

.40

.30

2
!339

i%
m
142
I@
m

254

lgl

324

m4

lm

I&l

162

m

345

307

?34

al
mi
m

E
I&m
Ml

Hi
258

176

503

m5

GO

mu

X39

a:

!47’9

m

U21

?31
m
m

=
169
Ml

E

mi

m

--.-

-—-

----

----

----

----

3W

lw

m

0.548
1. ml
LWO
L03

ip
LOI
L 01
.iuf

.Wo

L09

.645

.%

LOD

LW

L 17

L39

L24

Lob

L94

79.9
IP2
324
104
ml
167
L39
161
!445

251

337

267

357

ml

Iz2

m

m
--—

70

m
m

----
40
30
m
m

lm

67.6

226

Ixi

i7. 2

6L o

622

3P.5

w

213

125

1[
Sectfonremrsed.lw

110 J

.

.

b

tied 2?4sfnchesfmm UallIneedee.
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